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Abstract
We study cosmological scenarios in which high-energy neutrinos are emitted from
the decay of long-lived massive particles at the cosmic time later than a redshift of
∼ 106. The high-energy neutrino events recently observed by the IceCube experiment
suggest a new source of high-energy cosmic-ray neutrinos; decay of a heavy particle
can be one of the possibilities. We calculate the spectrum of the high-energy neutrinos
emitted from the decay of long-lived particles, taking account of the neutrino scattering
processes with background neutrinos. Then, we derive bounds on the scenario using
the observation of high-energy cosmic-ray neutrino flux. We also study constraints
from the spectral distortions of the cosmic microwave background and the big-bang
nucleosynthesis. In addition, we show that the PeV neutrinos observed by the IceCube
experiment can originate from the decay of a massive particle with its mass as large as
O(1010 GeV).
1 Introduction
In large classes of particle-physics models, there exist massive long-lived particles. Even
though they may not be accessed by the currently available colliders, information about
those particles may be obtained from astrophysical and cosmological observations. If they
are produced in the early universe and also if they decay in or near the present epoch, their
decay products may affect the fluxes of high-energy cosmic rays, resulting in constraints on
their relic densities, lifetimes, decay modes, and so on. In addition, models with long-lived
particles have been attracted attentions to explain the results of cosmic-ray observations [1].
In particular, implications of the decay processes into γ, e±, and (anti-) proton have been
extensively studied.
With the successful detections of high-energy cosmic-ray neutrino events at IceCube
[2, 3], our understanding about the cosmic-ray neutrino flux is also significantly improving.
In particular, the IceCube collaboration claims that the cosmic-ray neutrino flux in the
sub-PeV to PeV region is well above that of expected backgrounds, which suggests a new
source of high-energy cosmic-ray neutrinos. After the IceCube results are released, it has
been discussed that the decay of heavy particles may be responsible for the IceCube events
[4–11].#1 Importantly, the lifetime of the long-lived particle (potentially) responsible for the
IceCube events can be either longer or shorter than the present cosmic time. In particular,
the present authors have argued that the decay of a long-lived particle (called X) in the past
can be the origin of the high-energy neutrinos observed by IceCube [4]. We call this scenario
“early-decay scenario,” in contrast to the ones with decaying dark matter. In the previous
study, we have calculated the neutrino flux originating from the decay of X for the case
where the neutrino scattering processes with background neutrinos are negligible (which is
the case when the decay of X occurs at the epoch of 1 + z <∼ 10
4, with z being the redshift),
and have pointed out that the IceCube events may be well explained in this scenario.
In this paper, we extend our previous study and discuss astrophysical and cosmological
constraints on the early-decay scenario. We pay particular attention to the effects of the
neutrino scattering processes with background neutrinos, which are not completely taken into
account in our previous study. We calculate the flux of cosmic-ray neutrinos originating from
the decay of X . Then, comparing the result with the observed cosmic-ray neutrino flux, we
derive an upper bound on the primordial abundance of X . In addition, photons and charged
particles are also produced in association with the neutrino scattering processes; they result
in the spectral distortion of the cosmic microwave background (CMB) and the change of the
light-element abundances produced by the big-bang nucleosynthesis (BBN), from which we
obtain an upper bound on the abundance of X . For the study of the constraints from the
CMB distortion, we take into account the present bound (COBE/FIRAS [13, 14]), or the
expected bound in the future (for example, PIXIE [15] and PRISM [16]). In our study, we
will not specify the detailed particle-physics model which contains the candidate of X , but
we perform our analysis as general as possible. We discuss the constraints on the scenario
#1 For other explanations for the IceCube result, including astrophysical ones, see the review [12] and the
references therein.
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using the properties of X , i.e., its lifetime, energy distribution of the final-state neutrinos
(which is assumed to be monochromatic in this paper), and its primordial relic density. We
also discuss the implication of the IceCube result in light of the early-decay scenario. In
particular, it may be possible that the neutrino excess in sub-PeV region and the possible
cutoff around PeV are simultaneously explained if we take into account the effect of the
neutrinos scattered by the background neutrinos.
The organization of this paper is as follows. In Sec. 2 we discuss the evolution of the
neutrino flux originating from the massive decaying particle X . The effects of the produced
neutrinos on the CMB distortions and the light-element abundances are also explained there.
Then, in the following section, we give constraints on the primordial relic density of X using
the observation of the cosmic-ray neutrino flux, the CMB distortions and the light-element
abundances produced by the BBN. In Sec. 4 we discuss possible interpretations of the recent
IceCube high-energy neutrino events in our scenario. The final section is devoted to the
conclusions and discussion.
2 Effects of Neutrino Emission
2.1 Evolution of Neutrino Flux
Let us first discuss the evolution of the neutrino flux produced by the decay of the parent
particle X . Once produced, the neutrinos propagate in the expanding universe scattering off
background particles (in particular, neutrinos). Then, in order to obtain the neutrino flux
in l-th flavor, Φν,l(t, E), which is related to the number density of the l-th flavor neutrino as
nν,l(t) =
∫
dEΦν,l(t, E), we solve the following Boltzmann equation:(
∂
∂t
+ 2H −HE
∂
∂E
)
Φν,l(t, E) =− γν,l(t;E)Φν,l(t, E)
+
∫
dE ′Φν,n(t, E
′)
dγν,nm(t;E
′, E)
dE
Pml(t, E)
+ Sν,m(t, E)Pml(t, E), (2.1)
where H is the expansion rate of the universe, and Sν,l(t, E) is the source term. In addition
γν,l(t;E) is the scattering rate, and dγν,ml(t;E
′, E)/dE is the (differential) neutrino produc-
tion rate with E ′ and E being the energies of initial- and final-state neutrinos. (Here, m
and n are flavor indices; summation over these indices is implicit.) At the cosmic time when
the neutrino scattering processes become effective, at which the scattering rate becomes
important, γν,l(t;E) is (almost) flavor-independent. Thus, we take γν,l(t;E) = γν(t;E). In
our calculation, the effect of the neutrino oscillation is taken into account by introducing
the “transition probability” Pml(t, E). We approximate that the flavors are fully mixed in
the case where the time scale of the neutrino oscillation (i.e., 2E/|∆m21|
2 or 2E/|∆m31|
2)
is shorter than the mean free time (i.e., γ−1ν ), and that the effect of the neutrino oscilla-
tion is negligible in the opposite case. (Here, |∆m21|
2 and |∆m31|
2 are the neutrino mass
2
squared differences.) Then, taking |∆m21|
2 = 7.50× 10−5 eV2, |∆m31|
2 = 2.47 × 10−3 eV2,
sin2 θ12 = 0.30, sin
2 θ13 = 0.023, and sin
2 θ23 = 0.41 [17] with θ’s being the mixing angles in
the neutrino mixing matrix,#2 Pml(t, E) is evaluated as follows:
1. When |∆m31|
2/2E < γν(t;E), the scattering time scale is shorter than those of neutrino
oscillation. In this case, the effect of neutrino oscillation is neglected and we take
Pml(t, E) = diag(1, 1, 1).
2. When |∆m21|
2/2E < γν(t;E) < |∆m31|
2/2E, the neutrino oscillation due to ∆m21 is
neglected, while the oscillation due to ∆m31 is taken into account. In this case, we
take:
Peµ(t, E) = 0.02,
Peτ (t, E) = 0.03,
Pµτ (t, E) = 0.47. (2.2)
3. When γν(t;E) < |∆m21|
2/2E, we approximate that neutrino oscillations due to ∆m21
and ∆m31 are so fast that the full mixing of the neutrino flavors is realized. In this
case, we take:
Peµ(t, E) = 0.28,
Peτ (t, E) = 0.16,
Pµτ (t, E) = 0.37. (2.3)
Here, we neglect the CP -violation in the neutrino mixing, and hence we take Pml(t, E) =
Plm(t, E). The diagonal elements of Pml(t, E) can be evaluated by using
∑
m Plm(t, E) = 1.
In order to take into account the effects of neutrino scattering, we consider the following
scattering processes with background (anti-) neutrinos:#3
• νl + νl,BG → νl + νl,
• νl + νl′,BG → νl + νl′ , with l 6= l
′,
• νl + ν¯l,BG → νl + ν¯l,
• νl + ν¯l,BG → l + l¯,
#2In our approximation, Pml(t, E) is evaluated at the time of the neutrino emission. Therefore, if a sizable
amount of neutrino propagated from the epochs of 1 or 2 to the present epoch without being scattered,
we would fail to include the effects of neutrino oscillation during the propagation. However in reality,
γν(t;E) < |∆m21|
2/2E for τ(t, E/(1 + z(t))) <
∼
10, where τ(t, E/(1 + z(t))) is the optical depth of neutrino
defined in Eq. (2.13), and such a problem does not occur.
#3If the energy of the injected neutrino is very high, the scattering process with background photons also
becomes relevant. However, we have checked that the following results do not change even if we take such a
process into account.
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• νl + ν¯l,BG → f + f¯ , with f 6= l, νl,
• νl + ν¯l′,BG → νl + ν¯l′ , with l 6= l
′,
• νl + ν¯l′,BG → l + l¯
′, with l 6= l′,
where l = e, µ, τ , while f denotes the standard-model fermions, and the subscript “BG” is
used for background neutrinos. The scattering rate γν(t;E) is calculated with taking into
account the effects of these processes.
In the calculation of the neutrino production rate, we include two contributions as
dγν,ml
dE
=
dγ
(dir)
ν,ml
dE
+
dγ
(γγ)
ν,ml
dE
. (2.4)
One is the neutrinos directly produced by the scattering processes listed above, which cor-
responds to the first term of the right-hand side of Eq. (2.4). In the neutrino-neutrino
scattering processes, energetic neutrinos are produced directly or by the decay of final-state
particles. (Notice that the standard-model fermions other than neutrinos and e± undergo
hadronization and/or decay processes after the production.) In our numerical calculation, we
calculate the energy distributions of the neutrinos (as well as other stable particles, i.e, e±, γ,
p and p¯) produced by the scattering processes listed above using PYTHIA package [18, 19].
The other is the neutrinos produced by double-photon pair creations of standard-model
fermions (the second term of the right-hand side of Eq. (2.4)). A sizable amount of high-
energy photons may be produced as a consequence of neutrino-neutrino scattering processes
(after the hadronization and/or decay of colored particles). In addition, high-energy e±s
produced by the neutrino scattering processes are converted to high-energy photons via the
inverse Compton process. By scattering off the CMB, those high-energy photons may in-
duce double-photon pair creations of standard-model fermions whose decay products contain
neutrinos. Then, we estimate
dγ
(γγ)
ν,ml(E
′, E)
dE
=
∫
dǫ
(
dγγ,m(E
′, ǫ)
dǫ
+
dγe±,m(E
′, ǫ)
dǫ
)
dN
(γγ)
ν,l (ǫ, E)
dE
, (2.5)
where dγγ,m/dǫ and dγe±,m/dǫ are (differential) production rate of photon and e
± via the
neutrino scattering processes, respectively. (Here, ǫ denotes the energy of γ or e± produced by
the neutrino scattering processes.) We approximate that the energy of the photon produced
by the inverse Compton scattering is equal to that of the initial-state e±. This is because,
in the center-of-mass frame, the inverse Compton scattering is significantly enhanced for
backward scattering in the relativistic limit [20]. In addition, dN
(γγ)
ν,l /dE is the spectrum of
neutrinos (after the hadronization and/or the decay processes) produced as a consequence
of the (multiple) double-photon pair creation. Using the fact that, in the center-of-mass
frame, the double-photon pair creation cross section is sharply peaked when the momenta
of final-state fermions are parallel (or anti-parallel) to those of initial-state photons [20], we
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approximate that the energy of one of the final-state fermions is equal to that of initial-
state high-energy photon while that of another fermion is negligibly small. Thus, with
the injections of photon and e±, electromagnetic cascade occurs. During the cascade, the
energy of the electromagnetic sector is reduced via the emission of neutrino, which is due
to the decay of unstable particles like muon. We approximate that the double-photon pair
productions of the fermions other than e± become ineffective for the photon with the energy
E once the ratio of the scattering rates Γγγ→µ+µ−/Γγγ→e+e− becomes smaller than m
2
e/ET
(with me being the electron mass); here, we use the fact that Ei−Ef ∼ O(m
2
e/T ), where Ei
and Ef are energies of energetic initial- and final-state particles in the processes γγ → e
+e−
and e±γ → e±γ. The remaining electromagnetic particles may also affect the CMB spectrum
and the light-element abundances, as we will discuss in Sec. 2.2 and 2.3, respectively.
When the neutrinos are produced by the decay of X , the source term is given by
Sν,l(t, E) =
1
4π
nX(t)
τX
dN
(X)
ν,l
dE
, (2.6)
where nX(t) is the number density of X , τX is the lifetime of X , and dN
(X)
ν,l /dE is the energy
distribution of the l-th flavor neutrinos produced by the decay of X . Using the so-called
yield variable YX defined as
YX ≡
[
nX(t)
s(t)
]
t≪τX
, (2.7)
with s(t) being the entropy density, nX(t) is given by
nX(t) = YXs(t)e
−t/τX . (2.8)
For simplicity, we consider only the case where the neutrinos produced by the decay of X
are monochromatic (with the energy of E¯ν). Then, dN
(X)
ν,l /dE is given by
dN
(X)
ν,l
dE
= N¯ν,lδ(E − E¯ν), (2.9)
where N¯ν,l is the number of l-th flavor neutrinos produced by the decay of one X . For
simplicity, we consider the case where the decay of X produces equal amount of e, µ, and
τ neutrinos, taking N¯ν,e = N¯ν,µ = N¯ν,τ = 1/3.
#4 Moreover, we also assume that the CP
violation is negligible in the decay ofX and that the fluxes of neutrinos and anti-neutrinos are
equal. We note that particles other than neutrinos such as electrons and photons may also be
produced by the decay of X . The cosmological implications of such particles are discussed,
for example, in [21–31]. Thus, in our analysis, the present neutrino flux is determined by
the following three parameters:
E¯ν , z∗ ≡ z(τX), YX . (2.10)
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Figure 1: Contours of constant τ(z;E), with E being the present energy of the neutrino. The
contours are τ = 0.01, 0.1, · · · , and 1000, from bottom to top. (The numbers in the figure give
the value of τ .) The horizontal axis is the initial energy of the neutrino E¯ν = (1 + z)E, while the
vertical axis is the redshift 1 + z.
The neutrino flux at the present cosmic time t0 can be decomposed into two contributions:
Φν,l(t0, E) = Φ
(prim)
ν,l (E) + Φ
(sec)
ν,l (E). (2.11)
Here, Φ
(prim)
ν,l (E) is the flux of neutrinos which propagate to the present epoch without being
scattered (which we call “primary neutrinos”), while Φ
(sec)
ν,l (E) is that of secondary neutrinos
produced by the neutrino scattering processes and the electromagnetic cascade. With the
monochromatic neutrino injection, Φ
(prim)
ν,l (E) is given by
#5
Φ
(prim)
ν,l (E) =
1
4π
N¯ν,lYXs(t0)
τXE
[
e−t¯/τXe−τ(z(t¯);E)
H(t¯)
]
1+z(t¯)=E¯ν/E
, (2.12)
where τ(z;E) is the optical depth of neutrinos
τ(z;E) ≡
∫ t0
t(z)
dt′γν(t
′; (1 + z(t′))E). (2.13)
#4We have checked that, because of the neutrino oscillation, the resultant neutrino flux for each flavor
does not depend much on this assumption.
#5 The effects of neutrino oscillation do not appear in Eq. (2.12) because we assume that the neutrinos
produced by the decay of X are flavor-universal.
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From Eq. (2.12), one can see that the neutrinos produced at higher redshifts contribute to
the present flux at lower energies.
In order to see when the neutrino scattering is effective, in Fig. 1, we plot the contours
of constant τ(z;E) on E¯ν ≡ (1 + z)E vs. 1 + z plane. As one can see, the optical depth
increases as E¯ν or z becomes larger; this is because the neutrino scattering cross section is
more enhanced with higher center-of-mass energy ECM (as far as ECM < mZ). The optical
depth becomes ∼ 1 when the scattering rate of the neutrino is comparable to the expansion
rate of the universe. For the present energy of E = 106 and 107 GeV, for example, τ(z;E) & 1
is realized when 1 + z & 104 and 3× 103, respectively. When τ >∼ 1, the neutrino scattering
processes become important and Φ
(sec)
ν,l (E) is sizable. One can also see that some of the
contours show bending behavior. This is due to the change in the neutrino cross section at
ECM ∼ mZ .
We numerically evaluate the neutrino flux by solving Eq. (2.1). For this purpose, we
introduce the Green’s function Gml(t
′, E ′; t, E), which satisfies(
∂
∂t
+ 2H −HE
∂
∂E
)
Gml(t
′, E ′; t, E) =− γν(t;E)Gml(t
′, E ′; t, E)
+
∫
dE ′′Gmn(t
′, E ′; t, E ′′)
dγν,np(t;E
′′, E)
dE
Ppl(t, E)
+ δmlδ(t
′ − t)δ(E ′ − E), (2.14)
and
Gml(t
′, E ′; t, E)t′>t = 0. (2.15)
With the Green’s function, the neutrino flux is given by
Φν,l(t, E) =
∫ t
0
dt′
∫
dE ′Sm(t
′, E ′)Pmn(t
′, E ′)Gnl(t
′, E ′; t, E). (2.16)
In order to evaluate Gml(t
′, E ′; t, E), we use the fact that Gml(t
′, E ′; t, E) satisfies the follow-
ing relation:
Gml(t
′, E ′; t, E) = θ(t− t′)
[(
a(t′)
a(t)
)2
e−τ˜(t
′,t;E′)δmlδ(E
′ − a(t)E/a(t′))
+
∫
∞
t′
dt′′
∫
dE ′′
(
a(t′)
a(t′′)
)3
e−τ˜(t
′,t′′;E′)dγν,mn(t
′′; a(t′)E ′/a(t′′), E ′′)
dE ′′
Pnp(t
′′, E ′′)Gpl(t
′′, E ′′; t, E)
]
,
(2.17)
where a(t) is the scale factor at the cosmic time t, and
τ˜ (t′, t;E ′) ≡
∫ t
t′
dt′′γν(t
′′; a(t′)E ′/a(t′′)). (2.18)
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Figure 2: The present per-flavor neutrino fluxes for some different input parameters. Top left:
(E¯ν , 1+z∗, YX) = (10
8 GeV, 102, 10−26). Top right: (E¯ν , 1+z∗, YX) = (2×10
9 GeV, 2×103, 10−26).
Bottom left: (E¯ν , 1 + z∗, YX) = (10
10 GeV, 104, 10−26). Bottom right: (E¯ν , 1 + z∗, YX) = (5 ×
1010 GeV, 5× 104, 10−26).
In our numerical calculation, we discretize Eq. (2.17) and recursively evaluate the Green’s
function, with which the neutrino flux is calculated. When the neutrinos produced by the
decay of X are flavor-universal and neutrino oscillation is taken into account, the present
neutrino fluxes are almost flavor-universal. Therefore, in the following discussion, we neglect
the flavor dependence of the neutrino flux and use Φν(E), which is defined as
Φν(E) ≡
1
3
[Φν,e(t0, E) + Φν,µ(t0, E) + Φν,τ (t0, E)] . (2.19)
In Fig. 2, we show the neutrino fluxes at the present epoch for several values of z∗. Here,
we take YX = 10
−26 and E¯ν/(1 + z∗) = 1 PeV. The qualitative behavior of the neutrino
spectrum can be understood as follows:
1. With small enough z∗, the neutrino scattering is inefficient. In such a case, the neutrino
spectrum is affected only by the redshift and has a peak at E ∼ E¯ν/(1 + z∗). (See the
top-left panel with 1 + z∗ = 10
2.)
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2. With the increase of z∗, a tail-like structure shows up because of the neutrino scattering
processes. (See the top-right panel with 1+z∗ = 2×10
3.) Comparing with the top-left
panel, we can also see that the flux is slightly reduced at 2×105 GeV <∼ E <∼ 5×10
5 GeV
in the top-right panel. This is due to the fact that the neutrinos with lower present
energies are more likely to be affected by the scattering processes with the background
neutrinos because they are produced at higher redshifts. In the top-right panel, the
neutrino scattering thus reduces the flux at 2 × 105 GeV <∼ E <∼ 5 × 10
5 GeV, while
the secondary neutrinos produced by the neutrino scattering and the electromagnetic
cascade contribute to the flux at E <∼ 2× 10
5 GeV.
3. With larger z∗, E¯ν and z∗ become so large that a sizable fraction of neutrinos experience
the scatterings with background neutrinos. Consequently, the neutrino flux at around
the peak is also reduced. (See the bottom-left panel with 1 + z∗ = 10
4.)
4. Then, with larger enough z∗, the neutrino scattering processes are so efficient that
almost all the neutrinos emitted from the X decay are scattered. (See the bottom-
right panel with 1+z∗ = 5×10
4.) The present neutrino flux originates from secondary
neutrinos.
2.2 CMB Spectral Distortions
Next, we discuss the effects of electromagnetic particles produced by the neutrino scattering
processes. In general, if photons or charged particles are injected in the early universe, these
particles may affect the spectrum of the CMB. The type of the spectral distortion relevant
for the present scenario depends on the epoch at which the energy injection occurs [32–37]:#6
• For z >∼ 2 × 10
6, the complete thermalization is achieved and there is no spectral
distortion.
• For 5 × 104 <∼ z <∼ 2 × 10
6, the kinetic equilibrium is realized while the chemical
equilibrium is not. As a result, the so-called µ-type distortion is produced.
• For zrec <∼ z <∼ 5× 10
4, where zrec is the redshift at the recombination, even the kinetic
equilibrium is not achieved. Then, the so-called y-type distortion occurs.
In the case of the µ-type distortion, the distribution function of the CMB photon fγ(ω)
(with ω being the energy of γ) becomes the Bose-Einstein distribution with the chemical
potential µ [36]:
fγ(ω) =
[
exp
(ω
T
+ µ
)
− 1
]−1
. (2.20)
#6In our analysis, we approximate that the distorted spectrum can be parametrized by y and µ. However,
for 1.5 × 104 <
∼
z <
∼
2 × 105, we might better consider intermediate-type distortions; for such an analysis
of the CMB distortion, see [26, 28–31]. In addition, with such a precise analysis, we may have a chance to
acquire information about the lifetime of X [26, 29–31].
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Here, T is the CMB temperature after the completion of the decay of X [38]. The chemical
potential is given by
µ ≃ 1.4
∫ ∞
zK
dz
Q(z)
ρrad(z)
Jµ(z), (2.21)
where 1+zK = 5×10
4, ρrad(z) is the radiation energy density at the redshift 1+z, and Q(z)
is the energy injection rate. In addition, Jµ is the so-called distortion visibility function:
Jµ(z) = exp
[
−
(
z
2× 106
)2.5]
, (2.22)
which parametrize the fraction of injected energy at the redshift 1 + z converted into the
µ-type distortion.
In the case of the y-type distortion, the deviation of the CMB spectrum from the black-
body distribution is parametrized as [32]
δfγ(ω)
fγ(ω)
= y
xex
ex − 1
[
x
(
ex + 1
ex − 1
)
− 4
]
, (2.23)
where x ≡ ω/T , and the y parameter is estimated as#7
y ≃
1
4
∫ zK
0
dz
Q(z)
ρrad(z)
. (2.24)
In the present scenario, Q(z) comes from secondary photons and charged particles produced
by the neutrino scattering processes. As we have mentioned, we calculate the energy spectra
of the stable electromagnetic particles (i.e., γ, e±, p and p¯) using PYTHIA in order to evaluate
Q(z). We assume that the secondary photons and charged particles are instantaneously
converted into the y or µ parameters after the double-photon pair productions of the fermions
other than e± become ineffective. This is a good approximation in the case of our interest
because the interactions of photons and charged particles are fast enough when the neutrino
scattering is effective [39].
We calculate the y and µ parameters as functions of E¯ν , z∗, and YX . In Figs. 3 and 4,
we show the contours of constant y and µ for YX = 10
−22 on E¯ν vs. 1 + z∗ plane.
For E <∼ 10
7 GeV, both the y-type and µ-type distortions are almost negligible. This is
because neutrinos are very transparent for E <∼ 10
7 GeV and 1 + z∗ <∼ 10
6. The y-type and
µ-type distortions become important only when a significant amount of secondary photons
and charged particles are produced by the neutrino scattering.
As the energy of the neutrino becomes larger, y and/or µ may become sizable. For
1 + z∗ <∼ 10
4, y is larger for larger 1 + z∗ or E¯ν . This is because the neutrino scattering is
#7 We set the lower bound of the integral in Eq. (2.24) to 0, since changing it below zrec does not affect
our result.
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Figure 3: Contours of constant y on E¯ν vs. 1 + z∗ plane. The contours are y = 10−10, 10−9,
· · · , and 10−4, from left to right. (The numbers in the figure give the value of y.) Here, we take
YX = 10
−22.
Figure 4: Contours of constant µ on E¯ν vs. 1 + z∗ plane. The contours are µ = 10−10, 10−9,
· · · , and 10−4, from left to right. (The numbers in the figure give the value of µ.) Here, we take
YX = 10
−22. 11
more efficient with larger 1 + z∗ or E¯ν . For 1 + z∗ >∼ 5 × 10
4, y rapidly decreases as 1 + z∗
increases. This is mainly due to the fact that, for 1 + z∗ >∼ 5 × 10
4, a large fraction of
X decays before z = zK . On the contrary, the µ-type distortion is important only when
1 + z∗ >∼ 5 × 10
4. The reason is that a significant amount of X must decay when z > zK
to realize sizable µ. One can also see that, at 1 + z∗ >∼ 10
5, µ becomes suppressed with the
increase of z∗. For E >∼ 10
7 GeV and 1 + z∗ >∼ 10
5, µ can be approximately estimated as the
ratio of the energy density of X to that of radiation at z = z∗. With E¯ν and YX being fixed,
the energy density of X is proportional to (1 + z)3, while that of radiation energy density
scales as (1 + z)4. Therefore the ratio at z = z∗ is proportional to (1 + z∗)
−1, resulting in
the fact that µ is also proportional to (1 + z∗)
−1 as far as 1 + z∗ . 10
6.
2.3 Effects on the BBN
Finally, we consider the effects of the high-energy neutrino injection on the BBN. Due to
the injection of hadrons and electromagnetic particles as a consequence of the scattering
processes of high-energy neutrinos, hadronic and electromagnetic showers are induced. En-
ergetic particles in the shower scatter off the light elements generated by the BBN reactions,
which results in the change of light-element abundances. Using the fact that the standard
BBN scenario predicts light-element abundances which are more-or-less consistent with ob-
servations, scenarios with too much injections of hadrons and electromagnetic particles are
excluded.
In the following, we consider the case where z∗ is smaller than ∼ 10
6, for which pho-
todissociation processes become important. In particular, the overproduction of 3He due to
the dissociation of 4He provides the most stringent constraint; in our analysis, we adopt the
following bound [40, 41]:#8
EvisYX < 2× 10
−14 GeV, (2.25)
where Evis is the total energy injection in the form of electromagnetic particles due to the
decay of one X . We have estimated Evis by using the energy injection rate at the cosmic
time being τX .
3 Constraints on Neutrino Emission
Now, we are at the position to derive constraints on the early-decay scenario with neutrino
emission. Here, we derive upper bounds on the yield variable YX by using the constraints
from observations. In the present scenario, we take account of the following constraints: (i)
observational bounds on the high-energy neutrino flux, (ii) bounds from the CMB spectral
distortions as we discussed in Sec. 2.2, and (iii) bounds from the BBN as we discussed in
Sec. 2.3.
#8For the BBN constraints on the neutrino injection with smaller E¯ν than the present case, see [42, 43].
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3.1 Observational Constraints
We first consider the constraints from the neutrino flux. To put bounds on YX , we adopt
the following upper bounds on the neutrino flux:
(a) For E ≤ 105 GeV, we take as the upper bound twice the atmospheric neutrino flux
given in [44] and [45] (model 9 of Fig. 10 in [45]).
(b) For 105 GeV < E ≤ 106 GeV, we take E2Φν(E) = 3.0 × 10
−8(E/100TeV)−0.3
GeVcm−2s−1sr−1 as the upper bound. This is twice the best-fit value of the neutrino
flux for this energy region given by the IceCube collaboration [3].
(c) For 106 GeV < E ≤ 1010 GeV, we use the upper bound on the flux in this energy
region given by the IceCube collaboration [46].
As we discussed in Sec. 2.2, we may also obtain the bound on YX from the CMB spectrum
distortion. Currently, the COBE/FIRAS experiment [13,14] gives the most stringent upper
bounds on y and µ, which are
|y| ≤ 1.5× 10−5, (3.1)
and
|µ| ≤ 9× 10−5. (3.2)
We use these values to derive constraints on the yield variable YX .
In addition, we consider the bound from the BBN. The discussion below takes account
of the constraint given in Eq. (2.25).
3.2 Upper Bounds on YX
Taking accounts of the observational bounds discussed in the previous subsection, we derive
the upper bound on the yield variable YX as a function of E¯ν and z∗. In Fig. 5, we plot
the upper bound on YX . The bound comes from the neutrino flux (BBN) below (above) the
yellow line; we find that the bound from the CMB distortion is currently weaker than that
from BBN.
One can see that, for 1+z∗ <∼ 10
4, the upper bound on YX depends only on the combination
of E¯ν/(1+z∗). This is because the neutrino scattering processes are unimportant for neutrinos
produced at 1 + z <∼ 10
4. Then, the neutrino flux is dominated by Φ
(prim)
ν given in Eq.
(2.12), which is sensitive to the combination of E¯ν/(1 + z∗). In such a region, we also
note that the observational constraints on the neutrino flux (a), (b), and (c) give the most
stringent bound on YX for E¯ν/(1 + z∗) <∼ 10
5 GeV, 105 GeV <∼ E¯ν/(1 + z∗) <∼ 10
6 GeV, and
E¯ν/(1 + z∗) & 10
6 GeV, respectively. This can be understood from the fact that the present
neutrino flux has a peak at E ∼ E¯ν/(1 + z∗) if the effects of the neutrino scattering are
negligible, as one can see from Fig. 2.
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Figure 5: The upper bound on YX allowed by the current observations as a function of the neutrino
energy E¯ν at the emission and the typical redshift z∗ at the decay. The contours are the upper
bound on YX equal to 10
−16, 10−17, · · · , and 10−28, from left to right. (The numbers in the
figure give the value of the upper bound.) Below (above) the yellow line, the constraint from the
high-energy neutrino flux (BBN) is stronger.
One can also see that, for E¯ν >∼ 10
9 GeV, the constraint on YX becomes weaker at around
1 + z∗ ∼ 10
4. This is because the neutrino scattering processes are effective in this region,
resulting in the suppression of the high-energy neutrino flux. In addition, the constraints
from the CMB spectral distortions and the BBN are not so stringent in this region.
We also consider the prospects of testing the present scenario, paying particular attention
to the possible improvement in the determination of the y and µ parameters in the future. For
example, the PIXIE experiment [15] will offer much better sensitivity to the CMB spectral
distortions; 5σ detection is expected when
|y(PIXIE)| = 1× 10−8, (3.3)
or
|µ(PIXIE)| = 5× 10−8. (3.4)
In Fig. 6, we show the lower limit on YX for the 5σ detection with the expected PIXIE
sensitivity. The shape of the contours reflects the dependences of y and µ on (E¯ν , z∗) shown
in Figs. 3 and 4. There are kink-like structures at 1 + z∗ ∼ 5× 10
4. This is due to the fact
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Figure 6: The lower limit on YX which can be detected by the PIXIE experiment at 5σ significance.
The contours are the lower bound on YX equal to 10
−16, 10−17, · · · , and 10−28, from left to right.
(The numbers in the figure give the value of the lower bound for the detection.) Below the red line,
the values shown in the figure are already excluded by the current observations of the cosmic-ray
neutrino flux.
that the injected energy is equally distributed into y and µ in our approximation for such a
redshift; the lowest value of YX for the detection becomes slightly weaker. Then, above and
below the kink, the value of YX shown in Fig. 6 is obtained from the consideration of µ- and
y-type distortions, respectively.
Even with the expected sensitivity of the PIXIE experiment, the current bound on the
neutrino flux provides better sensitivity to the present scenario if 1 + z∗ <∼ 2 × 10
4. In Fig.
6, the boundary of such a region is indicated by the red line; in the region below the red
line, the values of YX shown in the figure are already excluded by the current bounds on the
neutrino flux. In other words, for 1 + z∗ >∼ 2× 10
4 where the neutrino scattering is efficient,
future observations of the CMB spectral distortions can test the parameter space which is
not explored by the current data.
We also note here that the PRISM experiment may provide another accurate probe of
the y- and µ-parameters. In [16], it is claimed that the sensitivity of the PRISM experiment
can be as good as ∆ρrad/ρrad ∼ O(10
−9), where ∆ρrad is the total amount of the energy
release from decaying particles, which may correspond to a better sensitivity than the PIXIE
experiment. With detection sensitivities other than Eqs. (3.3) and (3.4), the value of YX
required for the detection of the signal can be obtained by rescaling the values shown in Fig.
15
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Figure 7: The present per-flavor neutrino fluxes for two different parameters. Left: (E¯ν , 1 +
z∗, YX) = (8× 10
7 GeV, 102, 10−26) Right: (E¯ν , 1+ z∗, YX) = (1.3× 10
10 GeV, 1.3× 104, 5× 10−26)
6.
So far, we have assumed that X dominantly decays into neutrinos. If electromagnetic
particles are efficiently emitted by the decay of X , however, we should also consider con-
straints from these decay products. We briefly comment on such a case although it is beyond
the scope of our study. When 1 + z∗ >∼ 2 × 10
3, the electromagnetic particles produced by
X contribute to the µ-type and y-type distortions or the dissociation processes of the light
elements after causing the electromagnetic cascade discussed in Sec. 2.1. For τ(z;E) >∼ 1, the
neutrino scattering processes are so efficient that the neutrinos produced by X also induce
the electromagnetic cascade. As a result, if the same amount of neutrinos and electromag-
netic particles are produced by X , the constraint on YX due to the distortion of the CMB
spectrum or the light-element abundances is expected to be more-or-less unchanged for such
a parameter region. For τ(z;E) <∼ 1, however, the constraint from electromagnetic particles
due to the distortion of the CMB spectrum or the light-element abundances is stronger than
that from neutrinos. When 1 + z∗ <∼ 2 × 10
3, on the contrary, electromagnetic particles
produced by X may change the ionization history, which also gives the constraint on the
injection of electromagnetic particles [22, 25, 27].
4 Implication for Recent IceCube Result
In this section, we discuss the implications of the early-decay scenario for the explanation of
the origin of the high-energy cosmic-ray neutrinos observed by the IceCube collaboration.
Recently, the IceCube collaboration has published the results of their three-year ob-
servation of high-energy neutrinos [3]. They detected three high-energy neutrino events
(nicknamed as Bert, Ernie, and Big Bird) with the deposited energy of 1 PeV <∼ E <∼ 2 PeV.
The number is well above the expected background. In addition to the PeV neutrino events,
the IceCube collaboration detected 34 events in the energy region of 30 TeV <∼ E <∼ 1 PeV,
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thus finding 37 events in total. Considering that the expected background is 8.4± 4.2 from
cosmic-ray muons and 6.6+5.9−1.6 from atmospheric neutrinos in this energy region [3], this gap
suggests a new source of the energetic cosmic-ray neutrinos. The IceCube collaboration
claims that the per-flavor flux of E2Φν(E) = (0.95 ± 0.3) × 10
−8 GeVcm−2s−1sr−1 in the
energy region of 60 TeV < E < 3 PeV is consistent with the detected 37 events.#9 It is also
claimed that, if the unbroken E−2 power law spectrum is adopted, additional 3.1 events is
expected above 2 PeV, while no event is observed in this energy region. One possibility is
that the neutrino spectrum obeys ∼ E−2 power law with the cutoff at the energy slightly
above ∼ PeV [3].
Because the origin of the high-energy cosmic-ray neutrino flux is yet unknown, we pursue
the possibility that the decay of an exotic particle is responsible for it. We will see that the
three PeV neutrino events at IceCube can be well explained in the present scenario. In
addition, we will also see that E−2 power law with the cutoff at a few PeV may be realized,
since the neutrino flux at the energy higher than the position of the peak is exponentially
suppressed.
In Fig. 7, we show the present neutrino flux for two sample points, which are given by
• Sample point 1 (left panel): (E¯ν , 1 + z∗, YX) = (8× 10
7 GeV, 102, 10−26),
• Sample point 2 (right panel): (E¯ν , 1+ z∗, YX) = (1.3× 10
10 GeV, 1.3× 104, 5× 10−26).
The neutrinos produced by X are very transparent for the case of the sample point 1. On
the contrary, for the sample point 2, a sizable amount of the initial neutrinos produced by
X is scattered and the secondary neutrinos also contribute to the present neutrino flux. In
both sample points, the flux is E2Φν(E) ∼ 10
−8 GeVcm−2s−1sr−1 at around PeV, so they
may explain the IceCube PeV events.
In the right panel in Fig. 7, one can also see that the energy dependence of the flux is close
to E−2 for E <∼ 2 PeV. Therefore, with the parameters of our choice, there is a possibility
to explain all the IceCube events in the energy region of 30 TeV <∼ E <∼ 2 PeV in the present
scenario. It should be, however, noted that the optical depth τ is very sensitive to E¯ν and
z∗ in the parameter region near the sample point 2. Therefore, the shape of the present
neutrino flux strongly depends on these parameters. Requiring that the flux obeys a power
law of E−2 − E−2.3 in the energy region of 60 TeV < E < 3 PeV, for example, z∗ should be
tuned with the accuracy of O(10%) assuming that E¯ν ∼ 10
10 GeV. We emphasize here that,
in order to realize the ∼ E−2 power law, the neutrino scattering processes should become
efficient, which predicts sizable y (or µ). In the sample point 2, for example, y = 3.0× 10−9
(and µ = 6.4× 10−10). Such a value of the y parameter is close to or within the reach of the
expected sensitivity of the PIXIE and the PRISM experiments. Hence if the IceCube events
in the energy region of 30 TeV <∼ E <∼ 2 PeV are explained in the present scenario, the future
experiments may have a chance to see the CMB spectral distortion.
Here, we also point out that in order to explain the IceCube events in the present sce-
nario, E¯ν cannot be arbitrary large. We found that, for E¯ν >∼ 5 × 10
10 GeV, the flux of
#9 For the detailed analysis of the standard-model interaction of neutrino with the detector, see also [47].
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E2Φν(E)|E=1 PeV ∼ 10
−8 GeVcm−2s−1sr−1 cannot be obtained without conflicting the cur-
rent observational constraints. Thus the mass of X responsible for the IceCube events should
be smaller than ∼ 1011 GeV.
Finally, we comment on the angular dependence of the neutrino flux. In the early-decay
scenario, the neutrino flux is isotropic, which is consistent with the IceCube result. On the
contrary, it has also been discussed that the decay of dark matter may explain the IceCube
events [5–11]. In such a scenario, the Galactic contribution dominates and large fraction
of the energetic neutrinos is expected to come from the direction of the Galactic center.
Denoting the angle between the Galactic center and the direction of the neutrino as θ, the
flux from θ < π/2 is roughly twice as large as that from θ > π/2 at the peak of the flux [4].
Future observations on the angular dependence may help to distinguish the scenarios with
τX ≪ t0 and the ones with τX ≫ t0.
5 Conclusions and Discussion
In this paper, we have studied the cosmological implications of high-energy neutrino injection
from the decay of a massive particle X . When considering high-energy neutrinos in the
early universe, the scattering processes with background neutrinos are important. We have
numerically followed the evolution of the high-energy neutrino flux including such neutrino
scattering effects, and calculate the present neutrino flux. Importantly, even only via the
weak interaction, energetic neutrinos with E ∼ 108 − 1010 GeV can effectively scatter off
background neutrinos at 1 + z >∼ 10
5 − 103. Such scattering processes affect the shape of
the cosmic-ray neutrino spectrum, as well as produce CMB distortions by the emission of
photons and charged particles.
We have derived the upper bounds on the yield variable YX as a function of the energy
E¯ν of the neutrino emitted from the X decay and z∗ ≡ z(τX), using observational bounds on
the high-energy cosmic-ray neutrino flux and the CMB spectral distortions. We have seen
that the former gives more stringent bound for the case where the neutrino emission occurs
when 1 + z <∼ 10
4− 105. In particular, for 1 + z∗ <∼ 10
4, the neutrino scattering processes are
irrelevant, and the upper bound on YX depends only on the combination of E¯ν/(1 + z∗); in
such a case, we found that the bounds are
• YX <∼ 9× 10
−23 for E¯ν/(1 + z∗) = 10
4 GeV,
• YX <∼ 2× 10
−25 for E¯ν/(1 + z∗) = 10
5 GeV,
• YX <∼ 1× 10
−26 for E¯ν/(1 + z∗) = 10
6 GeV,
• YX <∼ 8× 10
−28 for E¯ν/(1 + z∗) = 10
7 GeV.
On the other hand, for 1+z∗ >∼ 10
5, BBN gives a stronger bound. With the current accuracy,
the CMB bound is less stringent than the BBN bound. However, with the sensitivity of the
future experiments, PIXIE and PRISM, for example, the upper bound from CMB observation
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is expected to be improved by about three orders of magnitude, which will give stronger
bound than the BBN.
We have also considered the possibility that the PeV neutrino events recently observed
by IceCube originate from the decay of X . We have seen that the three PeV neutrino events
(Bert, Ernie, and Big Bird) can be well explained within this scenario. In addition, we have
seen that, when the decay of X occurs at 1 + z∗ ∼ 10
4 and the initial energy of neutrino
produced by the decay of X is ∼ 1010 GeV, we have a possibility to realize an E−2 power
law neutrino spectrum with a cutoff at ∼ PeV, which is suggested by the IceCube results;
for such a scenario, z∗ should be tuned with the accuracy of O(10 %). In addition, future
observation of the CMB may be able to detect the distortion of the CMB spectrum caused
by the decay of X .
We emphasize here that the mass of X responsible for the PeV neutrino events can be as
large as O(1010 GeV), if 1 + z∗ ∼ 10
4 − 105 (which corresponds to τX ∼ 10
11 − 109 sec). In
other words, the IceCube experiment can probe the physics at the energy scale much higher
than PeV. One of the examples of the new physics containing the candidate of the massive
particle X is the model with Peccei-Quinn symmetry [48,49] because the natural scale of the
Peccei-Quinn symmetry breaking is O(109−10 GeV). Another possibility can be a messenger
sector in gauge-mediated supersymmetry breaking model [50–52]. More discussion about
particle-physics models with the candidates of the massive particle X is found, for example,
in [4,5,11]. Therefore, the future IceCube experiment can shed light not only on astrophysical
sources of cosmic-ray neutrinos, but also on high-energy particle-physics.
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